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Temperature-modulated transmission spectra in the region of the 4d~4f excitations in Laj3
show a variety of effects, none of which can be explained by the free-atom model hitherto used to
describe this absorption. The sharp lines below threshold are shown to broaden with increasing tern-
perature and to shift slightly. The broad "autoionization" region is shown to be composed of several
structures, only one of which is included in the atomic picture. The effects of the lattice on these
transitions "within" the La + ion are significant.
INTRODUCTION EXPERIMENTAL
The 4d 'o4f "~4d 4f" ' transition in rare-earth met-
als gives rise to striking prominent structure in the ab-
sorption spectra between 100 and 200 eV. ' These tran-
sitions are widely used in the study of rare-earth metals
and their compounds by "resonance" photoelectron spec-
troscopy. ' Since the 4f and 4d radial wave functions
have comparable mean radii, exchange and Coulomb ef-
fects are large, giving rise to the structures which spread
over a region tens of eV wide. " ' Since both subshell
mean radii are less than the radii of the 5p electrons
remaining on the tripositive rare-earth ion, they are well
shielded from the effects of the surrounding atoms. Thus
the spectra for Ce vapor, ' Ce metal in both the a and y
phases, ' CeF3, and Ce2O3 are all similar, and resemble
closely the spectrum calculated for the free Ce atom. '
The 4d~4f spectra of Ce-based materials mentioned
above are not identical however. Careful comparison
shows that the sharp lines below the large peak have dif-
ferent widths, depending on the material. For example,
the peaks are sharper in CeF3 than in y-Ce, which, in
turn, has peaks sharper than those of a-Ce. (There may
also be small energy shifts in peak positions, but these are
difficult to determine because of possible similar-sized
shifts in monochromator calibration. ) Differences are
even greater in the main peak of these materials, not just
in the peak width, but in the occurrence of additional
broad structures. We have observed previously that one
could see changes in the shape of the large peak in CeF3
by changing the temperature. In the following we report
on the temperature dependence of the corresponding, but
far simpler, structures in LaF3. LaF3 has only two sharp
lines below a single broad, structured peak. We find all
structures, except the lowest-energy structure which is too
weak to be studied, to be temperature dependent, demon-
strating that although the 4d and 4f wave functions are
well-localized within the ion, the tails extend far enough
outside the ion to sample temperature effects: thermal ex-
pansion of the lattice and lattice vibrations. In addition,
the thermotransmission spectrum of the broad "'P" struc-
ture shows several structures, indicating additional solid-
state effects. Similar spectra, but far more complex, were
measured for NdF3, but they are not discussed here.
Samples were thin films evaporated on carbon sub-
strates in the same chamber used for transmission mea-
surements. The base pressure was in the 10 Torr range,
rising to 2 & 10 Torr during sample evaporation.
Transmission measurements were made using a 2-m
grazing-incidence "grasshopper" monochromator mount-
ed on the electron storage ring Tantalus. The entrance
and exit slits set at 18 pm (calculated 0.06-eV resolution)
for energies below 110 eV, and were larger for higher en-
ergies. For therm otransmission measurements, LaF3
films were evaporated on a carbon substrate which was
used as a heater. A unipolar square current wave was
passed through it at 10 Hz, causing the sample to oscillate
in temperature with an amplitude of several K. The ac
modulation this imposed on the transmitted beam was
synchronously detected along with the average transmit-
ted beam. The ratio was ht/t, the fractional change in
transmission caused by a small temperature change. As a
check on the phase of the output of the phase-sensitive
detector, the spectrum was compared with "static" spectra
taken at 300 and 78 K.
In the 100-eV region, the reflectance of the film is
negligible and the transmission is simply
t =exp( —pd),
where p is the absorption coefficient and d the film thick-
ness. This neglects absorption in the carbon support film.
The change induced by temperature is
At = —ddt exp( —p,d),
since the change in d with temperature is negligible.
Then
At/t = —dip .
The carbon transmission spectrum is structureless in this
spectral region, so the only effect of neglecting it is an er-
roneously small value of t, leading to a change in scale
factor for ht/t.
RESULTS
Figure 1 shows the absorption spectrum and thermo-
transmission spectrum of LaF3 at 300 K. It is obvious
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intermediate coupling. The positions and strengths of the
lines could be fitted by reducing several Slater integrals by
about 30%. (This reduction also was used to fit the far
larger number of lines for the heavier rare-earth metals, so
the procedure is not simply a heuristic one for La.) The
resultant line positions and strengths' are shown as bars
in Fig. 1.
The Coulomb and exchange effects pushed the two
"triplet" lines below the threshold for the transition in the
central-field model, while the "singlet" line was pushed
above. The singlet clearly broadens more than the others,
a result of autoionization. The line shape for the singlet,
not shown in Fig. 1, was calculated by Dehmer and
Starace, ' using the formalism of Starace, ' in which the
discrete transition interferes with the continuum transi-
tions 4d' 4f ~4d ef, leading to a Fano line shape. '
The resultant spectra was an asymmetrical peak of 20-eV
full width at half maximum that fit the measured peak on
the high-energy side but not on the low-energy side. The
Fano parameter q is roughly 8, but this may not be mean-
ingful because some of the matrix elements are energy
dependent within the line profile, rather than constant as
required for Fano's simplest formula. The calculated
spectrum also did not have the small structures above 120
eV in Fig. 1.
Miyahara et al. ' observed that the widths of the two
triplet lines were not the same for La and LaF3, and that
there was clearly evidence of interference with the back-
ground continuum. Fano line profile fits were obtained
with values of q around —10, indicating weak interfer-
ence. The fact that the magnitude of q was slightly larger
for La than for LaF3 was attributed to the better overlap
of the La 4f wave functions with La 5d wave functions in
the metal. This leads to stronger interference with the
Sd~ef continuum and an increase in width. They also
observed some new features in the absorption and reflec-
tion spectra of BaF2 that they attributed to 4d~5f tran-
sitions, the final states of which appear to be more local-
ized than previously thought.
The width of the D line reported for LaF3 by Mi-
yahara et a/. , is just over 0.2 eV, while their spectral
bandpass was 0.05 eV or less. Our observed width for the
same line is 0.15 eV with an expected resolution of 0.06
eV. Interference effects are present, but not as pro-
nounced, in our spectrum. We do not understand these
apparent sample-dependent differences, but in any case,
the key points are that the width of the D line is not in-
fluenced too seriously by the instrumental bandpass, and
that it is primarily determined by interference with a
background continuum.
The importance of the intrinsic width of the D line is
that models for its temperature dependence depend on
whether it is more than the energy of a phonon, or not,
i.e., whether it is a zero-phonon line or not. The
phonon in this case probably is a zone-boundary phonon
capable of interacting with such a localized electronic
transition. For weak coupling, as expected here for elec-
tronic states so internal to the ion, the spectrum should be
a single line. As the coupling increases, or the tempera-
ture rises, the zero-phonon line decreases in strength and
one-, two-, three-, etc. phonon lines grow on the high-
energy side. When the electronic transition couples
to more than one type of phonon, each of these lines be-
comes a spectrum, the phonon density of states weighted
by an energy-dependent coupling constant. For large
enough coupling, the absorption spectrum becomes a
Gaussian of width Skoal, where S is the average number of
phonons of energy Ace emitted or absorbed in the absorp-
tion process. Although the observed width of the D line
is greater than any expected pkonon energy in LaF3, we
believe the zero-phonon model is appropriate for two
reasons. One is that the apparent width of the line is
dominated by interaction with the underlying continuum,
rather than by interaction with the lattice. The other is
that the 4d and 4f states are well-localized, and to neigh-
boring atoms, the change in charge distribution upon pho-
toabsorption on the La site will be very small, leading to
weak coupling.
For weak coupling, the temperature dependence of the
line width occurs via a second-order "Raman" process, or
by phonon emission to lower 4f crystal-field levels. ~o ~3 24
In the former case there should be an accompanying shift
of the line position with increasing temperature, and in
both cases, the line broadens with increasing temperature.
The observed Atlt spectrum for the D line (Fig. 2) has
the shape of the second derivative of the absorption peak
with respect to energy, with a small admixture of first
derivative, with signs such that the line shifts to lower en-
ergy and broadens with increasing temperature. The
crystal-field levels for the single 4f electron of Ce as an
impurity in LaC13 have been measured. ' As there is no
coupling with the 4d hole, the spin-orbit doublet is recog-
nizable in the spectrum. The f5&& lower level is split into
three levels by the crystal field, with an overall splitting of
110 cm ' (0.014 eV), and the f7/2 state splits into four
levels with an overall separation of 233 cm ' (0.029 eV).
Thus crystal-field splittings for the Ce 4f electron alone
are about a factor of 10 smaller than the observed
linewidth. The effect of crystal fields on the coupled 4d
hole and 4f electron on the excited La + ion in LaF3
should be larger, since the radii of the pair will be larger
than the 4f radius in Ce, the result of the smaller nuclear
charge. (However, we have observed similar, but more
complicated thermotransmission spectra for NdF3, with
more compact wave functions. ) Different crystals fields
may, in fact, be the cause of the observed changes in
width of the 102.5-eV line as the ligands change from one
compound to another. Calculations of the effect of crys-
tal fields on core-hole spectra exist, but for the simpler
case of a p hole in an atom with an incomplete 3d shell in
a cubic crystal field. The case at hand is far more compli-
cated, with a hole in a d shell, an incomplete f shell, and
anisotropic thermal expansion because of the noncubic
crystal structure. ""
The increase of the width of the D line with increasing
temperature probably arises from phonon sidebands hid-
den under the broader Fano line profile. These increase in
strength with increasing temperature. Unresolved
crystal-field-split final states would be expected to grow
closer together as increasing temperatures expand the lat-
tice and weaken the crystal field.
It seems possible to try to understand the line shape of
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dp/d. T for the D line from the temperature dependence
of the Fano parameters. The simplest Fano line shape is
p ~(q+e) /(1+E ), where q is the ratio of two matrix
elements and c is a normalized energy, involving the bare
position of the sharp line, a self-energy, and an interaction
matrix element. For the D line Miyahara et aI. ' find
q = —11.5, but our data require a value nearer —15 or so.
We cannot fit the spectrum of Fig. 1(b) by any linear com-
bination of dp/dq and dp/dc. . This is because the form-
er resembles the spectrum of p itself and the latter is simi-
lar to dp/dE, while the data require a dominant contribu-
tion from a term resembling d p/dE . However, the real
fitting should be with (dp/dq)(dq/dT) and
(dp/dE)(ds/dT) de/dT has three contributions, one of
which, (2s/I )(dl /dT), changes sign near the center of
the spectrum, giving a shape like that of d p/dE, but
there now are a total of four temperature-dependent pa-
rameters, none of which are simple to interpret. Nonethe-
less, the temperature dependence is real, understood or
not.
The main part of the spectrum, arising from the 'P
atomic line, is also temperature dependent, with the main
feature resembling the first derivative of the absorption
coefficient, implying a shift of the spectrum to higher en-
ergy upon an increase in temperature, but the spectrum is
more complex than just that. Here the modulation spec-
troscopy has pulled considerable structure from a broad
absorption spectrum, although one easily can see differ-
ences in transmission spectra taken at 300 and 78 K. The
115—140 eV absorption spectrum has at least four struc-
tures, while to date, the only interpretation for atomic ab-
sorption in this spectral region is a single peak from the
autoionization of the P& line. Figures 1 and 2 show,
however, that the first peak appears as a doublet with a
1-eV splitting in the thermotransmission spectrum, a
doublet that is not evident in the spectrum of either
dp/dE or d p/dE . The two sharp components each
have relatively large temperature dependences. We cannot
say whether there are are two discrete transitions which
autoionize simply, or whether there is one transition with
a complex autoionization mechanism. The shape of this
part of the spectrum depends on the modulating power.
Increased modulating power has two effects. The average
sample temperature increases to 50—100 K above am-
bient, broadening the structures, i.e., mixing in a broader
second derivative component than at lower powers. Also
the larger modulation amplitude may invalidate the tech-
nique as a derivative spectroscopy as higher-order terms
are mixed into the Taylor series expansion of p, (E,T) in
powers of T.
The shape of the absorption spectrum is more compli-
cated than expected from the free-atom calculations.
Causes of such structure are near-edge fine structure from
"shape resonances" within the cage of the nine F nearest
neighbors, bound or quasibound Sf states, and an energy-
dependent density of states into which the excited au-
toionizing state can decay. Actually, these are all dif-
ferent aspects of the same final-state problem, on which
no work has been done for this system, or similar systems.
This may be a problem amenable to cluster calculations.
It is premature to assign a cause to the temperature
dependence of this part of the spectrum at this time, but
clearly the crystal lattice has an important effect on the fi-
nal state for this transitions. This is similar to the con-
clusions of Miyahara et al. , ' who found 4d transitions to
5f states only 5 eV higher in energy than 4d~5d transi-
tions in BaF2, and the appearance of these transitions de-
pended on crystal structure, the result of different degrees
of hybridization.
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